Trihydroxybenzenes are degraded anaerobically through the phloroglucinol pathway. In Pelobacter acidigallici as well as in Pelobacter massiliensis, pyrogallol is converted to phloroglucinol in the presence of 1,2,3,5-tetrahydroxybenzene by intermolecular hydroxyl transfer. The enzyme catalyzing this reaction was purified to chromatographic and electrophoretic homogeneity. Gel filtration and electrophoresis revealed a heterodimer structure with an apparent molecular mass of 127 kDa for the native enzyme and 86 kDa and 38 kDa, respectively, for the subunits. The enzyme was not sensitive to oxygen. HgCI2, p-chloromercuribenzoic acid, and CuC12 inhibited strongly the reaction indicating an essential function of SH-groups. Transhydroxylase had a pH-optimum of 7.0 and a pI of 4.1. The apparent temperature optimum was in the range of 53°C to 58°C. The activation energy for the conversion of pyrogallol and 1,2,3,5-tetrahydroxybenzene to phloroglucinol and tetrahydroxybenzene was 31.4 kJ per mol. Purified enzyme exhibited a specific activity of 3.1 mol min -1 mg-lprotein and an apparent K m for pyrogallol and 1,2,3,5-tetrahydroxybenzene of 0.70 mM and 0.71 mM, respectively. The enzyme was found to contain per mol heterodimer 1.1 mol molybdenum, 12.1 mol iron and 14.5 mol acid-labile sulfur. Requirement for molybdenum for transhydroxylating enzyme activity was proven also by cultivation experiments. No hints for the presence of flavins were obtained. The results presented here support the hypothesis that a redox reaction is involved in this intermolecular hydroxyl transfer.
Introduction
Aerobic degradation of aromatic compounds involves oxygenase reactions in the primary attack on the mesomeric ring structure. In the absence of oxygen, the stability of the aromatic nucleus is overcome by a reductive attack [1] . Depending on the substitution pattern, three different intermediates have been identified which allow direct reduction and cleavage of the aromatic compound. These intermediates define the three pathways of aromatic ring degradation which are known at present [2, 3] .
In contrast to benzoate, several phenols and aniline derivatives, which are activated to benzoyl-CoA as key intermediates [4] [5] .
droxyl acceptor and donor, respectively, yielding phloroglucinol and the product 1,2,3,5-tetrahydroxybenzene ( Fig. 1 ). This reaction is a hydroxyl transfer between two aromatic compounds, a transhydroxylation. Later it was found that transhydroxylation reactions are involved also in the transformation of the third trihydroxybenzene isomer, hydroxyhydroquinone, to phloroglucinol by P. massiliensis [5] .
To our knowledge, this transhydroxylation is an entirely new type of reaction. No enzyme catalyzing an intermolecular hydroxyl transfer has been described so far. In the present communication we report on purification and characterization of the transhydroxylase of P. acidigaUici. The results are discussed also with regard to a proposed reaction mechanism.
Material and methods

Culture conditions
Pelobacter acidigallici strain Ma Gal 2 (DSM 2377)
was grown anaerobically in a sulphide-reduced and bicarbonate-buffered saltwater mineral medium, as described previously [11] . Cultures were incubated at 30°C in the dark. For growth experiments, the bacterium was grown in 50 ml screw-cap bottles with sodium gaUate, pyrogallol, or phloroglucinol as substrate (5 mM each). For enzyme preparation, P. acidigallici was grown in 20 1 glass vessels with 5 mM gallate. After 10 h of incubation, cultures were refed with another 5 mM gallate. Cultures were harvested at the end of the exponential growth phase (A578 = 0.45). Cells were concentrated with a Pellicon filter cassette system (Millipore, Eschborn, FRG), washed with 2 1 of 50 mM potassium phosphate buffer (pH 7.2), containing 200 mM NaC1, and centrifuged at 28000 × g for 30 min. The cell pellet was kept at -70°C until use.
Preparation of cell extracts
Cell extracts were prepared at 4-8°C. The cell pellet was suspended in 50 mM potassium phosphate buffer (pH 7.2), at a concentration of 200 mg wet cell mass and 50 /.tg DNase per ml and approx. 1 mM MgCI 2. Disruption was performed by 2-3 passages through a French Press (Aminco Instruments, Silver Springs, MD, USA) at 110 MPa. The suspension obtained was diluted to approx. 10 mg protein/ml with potassium phosphate buffer and centrifuged at 30 000 x g for 30 min. The crude extract was kept on ice or frozen at -70°C until use.
Enzyme assays
The enzyme activity was assayed at 25°C under anoxic conditions. Two test sytems were used: (i) The discontinuous test system for quantitative determination of enzymatic activities was described previously [11] . The test was performed in 5 ml glass flasks. Each contained 1 mM pyrogallol, 1 mM 1,2,3,5-tetrahydroxybenzene, 50 mM potassium phosphate buffer (pH 7.0), and cell protein solution in a total volume of 1 ml. Aliquots were taken after certain time intervals, added to 0.1 mM H3PO 4 and analyzed quantitatively for pyrogallol and phloroglucinol by HPLC. The pH optimum of the enzyme was determined in a pH range of 4 to 9. A mixed test buffer, containing potassium phosphate, acetate-and Tris buffer, each 50 mM, was used.
The pH was adjusted with 10 M HC1 or 10 M NaOH. The effect of potential inhibitors or other additives to enzyme activity was examined after preincubation of the enzyme with the various compounds for 5 min before starting the test. (ii) For routine analysis of transhydroxylase activity in, e.g., column fractions, a continuous test system was used. This test was faster than the discontinuous assay, but produced only semiquantitative results.
The assay was performed in 1 ml cuvettes containing 50 mM potassium phosphate buffer (pH 7.0), 4 mM hydroxyhydroquinone, and cell protein solution. Increase in A313 was measured with a Hitachi spectrophotometer, model 100-40 (Tokyo, Japan).
Enzyme purification Anion exchanger. The crude extract was passed through a 60 ml anion exchanger column (DE-52, Whatman, England, column 2.6 x 11 cm) previously equilibrated with 50 mM potassium phosphate buffer (pH 7.2), at 8°C. After loading, the column was eluted with one bed volume of buffer, one bed volume of buffer with 60 mM KCI, one bed volume of buffer with 170 mM KCI, and three bed volumes of buffer with 500 mM KCI, at a flow rate of 1.5 ml rain-1. Transhydroxylase activity eluted at 170 mM KC1 as a single peak.
Fractions containing activity were combined and concentrated by ultrafiltration (Centriprep 10, Amicon, Witten, FRG). The concentrate was dialyzed at 4°C for 2 h against 25 mM Histidine-HCl buffer (pH 6.1), containing 35 mM NaCI, and adjusted to a final concentration of approx. 2 mg protein ml-1.
Chromatofocusing. 
Protein determination
Protein was determined according to Bradford [12] using 0.01% (w/v) Coomassie brilliant blue G-250 (Serva, Heidelberg, FRG) as reagent and bovine serum albumin as standard.
Electrophoretic methods
SDS-PAGE was performed according to Laemmli [13] . Non-denaturing gel electrophoresis was performed omitting SDS and mercaptoethanol from all solutions and preparing samples without heating. Single percentage gels were produced in our laboratory, gradient gels were purchased from Bio-Rad (Richmond, VA, USA). Gels were stained with silver nitrate [14] . Molar masses of bands were determined by comparison with standard proteins (LMW-kit, Pharmacia, Freiburg, FRG).
Analytical methods Isoelectric point (pI).
The pI of the enzyme was determined by chromatofocusing as described in Section 2.4 with the exception that buffers contained no salt. The sample volume was kept small (< 5% of bed volume).
The molecular mass of the transhydroxylase was determined by gel filtration using a Superdex 200 pg column (16/60). The column was equilibrated and eluted with 50 mM Tris-HCl (pH 7.2), containing 200 mM NaCI, at a flow rate of 0.7 ml min -1. A set of standard proteins was used for calibration. The molecular mass was determined in the presence and absence of 1% sodium dodecyl sulphate.
The absorbance spectrum of the purified enzyme as well as of a trichloroacetic acid extract was measured with a double beam spectrophotometer, model Uvikon 860 (Kontron, Ziirich, Switzerland).
Flavins. Noncovalently bound flavins were determined by extraction with trichloroacetic acid and measurement of the absorbance spectrum, or by heating and measurement of fluorescence. For extraction, a sample of purified enzyme was mixed with an equal volume of 20% (w/v) trichloroacetic acid at 0°C, and centrifuged. The neutralized supernatant was analyzed spectrophotometrically. Alternatively, the sample was heated for 10 min in boiling water and centrifuged. The supernatant was analyzed fluorimetrically (450 nm excitation wavelength) with a Perkin-Elmer Luminescence spectrometer, model LS 50 (Uberlingen, FRG).
Covalently bound flavins were determined by fluorimetry after proteolytic digestion according to Singer et al. [15] .
Transition metals. Purified transhydroxylase was analyzed for transition metals either by inductively coupled plasma mass spectrometry with indium as internal standard on a VG Plasmaquad II (VG Elemental, Winsford, UK) or for iron and molybdenum by atomic absorption spectrometry. The latter was performed with a 3030-B Perkin-Elmer atomic absorption spectrometer fitted with a HGA-600 g..raphite furnace assembly and an AS-60 autosampler (Uberlingen, FRG). The metal content in the sample was calculated from a calibration curve (external standards) according to peak height and peak area. Subsamples of 5 /xl volume were injected, dried for 15 s at ll0°C, charred for 10 s at l l00°C, and atomized for 2 s at 2000°C. Absorbance was measured at 248.3 nm. For determination of molybdenum, 50/zl sample were injected, dried for 40 s at 100°C, charred for 20 s at 1600°C, and atomized for 3 s at 2650°C. Absorbance was measured at 313.3 am.
Determination of acid-labile sulfur
Acid-labile sulphur was analyzed according to Beinerr [16] . Differing from [16] , the reaction proceeded under nitrogen gas in glass vials with rubber septa until Methylene blue was formed.
Results
Purification and stability of the enzyme
Column fractions were tested for enzyme activity using the continuous assay. This assay was based on the enzymatic conversion of hydroxyhydroquinone to resorcinol and 1,2,4,5-tetrahydroxybenzene, according to the equation: The reaction was described previously [11] . ae defined -2 E hydroxyhydroquinone was in the range of 2 to 10 mM -1 cm -1 at 313 nm wavelength. Determination of an exact AE was difficult due to the low stability of hydroxyhydroquinone and its oxygen sensitivity at neutral pH. A linear relation between activity and protein content could not be established. Therefore the test was used only for routine enzyme detection in column fractions. After three chromatographic steps, transhydroxylase of P. acidigallici was purified 8-fold with a recovery of 20% (Table 1) and eluted from the last column as a single, symmetrical peak. The protein was homogenous according to chromatographic (gel filtration) and electrophoretic (SDS-PAGE) analysis (Fig. 2) . The enzyme was insensitive to oxygen: no decrease of activity was observed after incubation under air at 0°C for 7 days (see Fig. 6 ). Stability of the purified enzyme against freezing and thawing depended on the buffer system: Only 5 to 10% of the activity was lost if the enzyme was dissolved in 50 mM Tris-HC1 (pH 7.2), and frozen two times, whereas activity was nearly entirely lost if treated in the same way in 50 mM potassium phosphate buffer.
Structural composition
Non-denaturing gel electrophoresis of transhydroxylase showed a single protein band (Fig. 2, lane 6) . SDS-PAGE of transhydroxylase revealed one or two bands depending on pre-treatment of the sample (Fig.  3) . Without heating, only one single band was observed (Fig. 3, lane 1) . During heating, the single band disintegrated into two polypeptides forming smaller bands (Fig. 3, lane 2-5 ). For these polypeptides, a molecular mass of 86 + 5 kDa and 38 + 2 kDa was calculated from SDS-PAGE. The molecular mass of the intact protein was determined by gel filtration. In the presence of 1% SDS, an apparent molecular mass of 127 kDa was obtained (Fig. 4) . Under these conditions, the entire enzyme activity was maintained. From these results we conclude that the transhydroxylase is a heterodimer consisting of a large and a small subunit. The values for the two polypeptides were independent of the kind of acrylamide gel used for determination. Gradient gels, as well as single percentage gels of various composition (8%, 10% and 12%), yielded the same results which were always reproducible. No differences were observed if SDS-PAGE was performed in the presence or absence of mercaptoethanol indicating that disulfide crosslinks were not essential in the maintenance of a functional protein. Molecular mass determination of the native enzyme by gel filtration in the absence of SDS produced values ranging from 270 kDa to 410 kDa. These values were independent of the degree of purity of the enzyme used. Contrary, in the presence of SDS always a molecular mass of 127 kDa was determined which is the minimum value calculated from the size of the two subunits. We conclude that transhydroxylase is a 127 kDa protein which tends to aggregate to multimeric forms.
Catalytic properties and inhibitors
The pI of transhydroxylase was 4.10 ± 0.05 as determined by chromatofocusing. The enzyme made up a large fraction of 5 to 10% of total protein in the crude extract (Fig. 2, compare lanes 1 and 4) . Therefore, 8-fold enrichment led to a pure transhydroxylase enzyme preparation (Table 1) . Crude extracts converted pyrogallol to phloroglucinol no matter on which substrate cells were grown.
Pure enzyme was stabile over 7 days if it was incubated under atmospheric air. If kept under nitrogen gas, the activity decreased by 30% within one day (Fig.  6) .
The measurable activity depended on the concentration of the buffer used in the test system. Similar activities were measured in 25 mM or 50 mM potassium phosphate buffer, whereas 75 mM buffer increased the activity by 10%, 100 mM buffer by 35%. No enhancement occurred at higher buffer concentrations. Basically similar results were obtained using Mops (3-(N-morpholino)propanesulfonic acid) buffer instead of potassium phosphate buffer.
The pH optimum of enzymatic activity was pH 7.00 + 0.05. 90% of the maximum activity was obtained at pH 6.6 or 7.4, respectively. In tests at pH 6.0 or pH 8.5 the enzyme activity was reduced by 50%.
The temperature dependence of enzyme activity was determined in the range of 25 to 80°C. Maximum activity was found between 53°C and 58°C. The activation energy calculated from the Arrhenius plot was 31.4 kJ mol -~.
Determination of apparent K m values was carried out with enzyme obtained after the first purification step. K m of pyrogallol was determined at a constant concentration of 1,2,3,5-tetrahydroxybenzene of 1 mM using pyrogallol concentrations between 0.1 mM and 1 mM and vice versa for the K m of 1,2,3,5-tetrahydroxybenzene. Values were calculated from a LineweaverBurk plot drawing a straight line over of 8 points, g m was 0.70 mM for pyrogallol, and 0.71 mM for 1,2,3,5-tetrahydroxybenzene.
Transhydroxylase was sensitive to thiol reagents. Total inhibition was achieved by 50 /xM p-chloromercuribenzoic acid, 50 /~M HgCI2, or 1 mM CuC12. In contrast, 5 mM KCN or 5 mM sodium iodoacetate produced only 15% inhibition, and 5 mM NiC12 had no effect. The reductants 1,4-dithiothreitol, 1,4-dithioerythritol, thioglycolate, and mercaptoethanol at concentrations up to 2.5 mM had no influence on enzyme activity. Also EDTA and MgC12, each at 10 mM, had no inhibitory effect. CaC12 at 5 mM concentration reduced the enzyme activity by 6%, at 10 mM concentration by 13%.
Cofactors, metal content
The purified enzyme had a yellow-brownish colour. Its absorbance spectrum did not show any distinct maxima between 350 and 550 nm (Fig. 5) . Trichloroacetic acid extracts exhibited no absorption in this range either, indicating that no flavins were present. Absence of flavins was confirmed also by fluorimetry.
The colour of the enzyme and its absorbance spectrum suggested that iron-sulfur clusters were present. According to atomic absorption spectrometry analysis, the iron content was 12.1 + 0.5 mol iron per mol enzyme. Acid-labile sulfur was present at a ratio of 14.5 + 0.1 mol per mol enzyme. These values are means of separate analyses of two enzyme preparations for acidlabile sulphur and of three preparations for iron.
Apart from iron, only molybdenum was found at higher quantities. A value of 1.1 + 0.2 mol per mol . Absorbance spectra of the purified transhydroxylase in 50 mM sodium phosphate buffer (pH 7.2) (solid line) and after extraction with trichloroacetic acid (TCA, dotted line). For TCA-extraction, 1 ml sample containing 1 mg protein was mixed with an equal volume of 20% TCA at 0°C and centrifuged. The supernatant was taken for absorbance measurement.
enzyme was determined as a mean of three enzyme preparations. Cultivation experiments demonstrated that this metal was required for transhydroxylation. Growth of P. acidigallici with pyrogallol without molybdate added to the medium decreased and ceased entirely after cells had been subcultured three times.
Transfer of the second sub-culture into phloroglucinol medium or into pyrogaUol medium with molybdate resulted in entire recovery and normal growth of both cultures.
The following metals were not found in pure transhydroxylase enzyme preparations by inductively coupled plasma mass spectrometry analysis: nickel, lead, vanadium (each < 0.01 mol metal per mol enzyme), and copper (~< 0.03 mol per mol). Zinc is unlikely to be present in the enzyme (~< 0.1 tool per mol).
Transhydroxylase activity did not depend on selenium or tungsten additions to cultures growing on gallate. A culture to which neither tungsten nor sele-.g>_~ nium had been added produced normal growth even after six transfers.
Discussion
A transhydroxylase catalyzing intermolecular transhydroxylation of pyrogallol with 1,2,3,5-tetrahydroxybenzene to phloroglucinol and 1,2,3,5-tetrahydroxybenzene is characterized in pure state in this paper for the first time.
The purified enzyme of P. acidigaUici was sensitive to some effectors known to react with thiol groups. HgC12, p-chloromercuribenzoic acid, and CuC12 were effective inhibitors, whereas KCN, sodium iodoacetate and NiCI 2 had no pronounced effect on enzyme activity. Since proteins containing SH-groups are not equally sensitive to all thiol reagents [17] , we conclude that the enzyme contains one or more sulfhydryl groups involved either directly or indirectly in transhydroxylation.
Reductants such as 1,4-dithiothreitol, 1,4-dithioerythritol, thioglycolate and mercaptoethanol, did not influence activity. A direct influence of oxygen on enzyme activity could not be assayed because of oxygen sensitivity of the aromatic substrates. However, incubation of pure enzyme under oxic conditions did not influence the activity. Contrary, activity was even decreased if the enzyme was incubated under nitrogen gas. These results may indicate that the transhydroxylation reaction benefits from slightly oxidized incubation conditions.
In the crude extract, a specific activity of about 0.4 U mg-i protein was measured, which is half the value published previously [11] . This difference may be partially due to use of buffers of different concentrations in enzyme assays (see above). Pure enzyme exhibited a specific activity of 3.1 U mg -1 protein. With a molecular mass of 127 kDa per active heterodimer, a turnover number of 6.5 s-1 can be calculated. This is within the lowermost rank in comparison with other enzymes which usually have turnover numbers of 1 to 10 4 s -1 [18] . This unusually low turnover number of the purified enzyme explains why transhydroxylase makes up a considerably high proportion (5-10%) of total protein in the crude cell extract. Transhydroxylase contains iron and acid-labile sulfur at 12.1 and 14.5 mol per mol active heterodimer, respectively. Arrangement of both in iron-sulfur cluster has to be expected based on colour and absorbance spectrum of the pure enzyme, and first EPR investigations support this assumption. Also molybdenum was found as a further transition metal in the enzyme at a ratio of 1.1 + 0.2 mol per mol heterodimer. A functional role of this metal in the transhydroxylation reaction was supported by cultivation experiments.
With regards to its metal content, transhydroxylase can be placed into the group of molybdoenzymes. The number of known enzymes belonging to this group has increased during the recent past [19, 20] . With the exception of nitrogenase, all molybdoenzymes examined so far contain a pterin cofactor, regardless of their metabolic function and the phylogenetic descendence of their host organisms [21, 22] Although experimental evidence is still lacking, the presence of a pterin cofactor in transhydroxylase appears likely. Similar to most other molybdoenzymes [23] , transhydroxylase contains iron-sulfur centers but, different from the majority of molybdoenzymes, lacks flavins [23] . Among the molybdoenzymes listed by Garner and Bristow [24] , transhydroxylase of P. acidigallici shows most resemblance with aldehyde oxidoreductase of Desulfovibrio gigas [25] . This applies to (i) lack of flavins, (ii) an acid pI of 4.1 [26] , (iii) a molecular mass of approx. 120 kDa [26, 27] , (iiii) a similar Mo/Fe/S ratio of about 1 : 12 : 12 [28] although Moura and co-workers published later a different ratio [27] . Interestingly, P. acidigallici and D. gigas both belong to the delta-subgroup of the proteobacteria [29] . Recent publications on molybdoenzymes and related proteins indicate a link between cofactor composition [30] or protein structure [20] and phylogenetic descendence. This relatedness should be kept in mind in further investigations on these two enzymes.
Transhydroxylase of P. acidigallici converts pyrogal1ol to phloroglucinol by hydroxyl transfer between the aromatic compounds pyrogallol and 1,2,3,5-tetrahydroxybenzene [11] . It has been suggested that this intermolecular hydroxyl transfer involves a diphenyl ether intermediate which is formed after an initial redox reaction (R6tey, J., personal communication). Iron sulphur clusters and a molybdenum cofactor as appear to be present in transhydroxylase are suitable prosthetic groups for catalysis of such a reaction.
Only a few microorganisms are known which ferment trihydroxybenzenes anaerobically. Apart from the two Pelobacter species, E. oxidoreducens has been described [31] . It differs from the former two bacteria in requiring exogenous formate or H 2 for substrate degradation [31] . The enzyme converting pyrogallol to phloroglucinol in this bacterium was named pyrogallol-phloroglucinol isomerase, and was partially purified and characterized [10] . In contrast to the P. acidigallici enzyme, a reaction mechanism was proposed by which pyrogallol is converted to phloroglucinol through a sequence of hydroxylation and dehydroxylation reactions with 1,2,3,5-tetrahydroxybenzene as intermediate and, e.g., dimethyl sulfoxide as oxidant [10] . Recently, the role of dimethyl sulfoxide in this reaction sequence was further investigated [32] . The authors demonstrated that 1,2,3,5-tetrahydroxybenzene was formed from pyrogallol and dimethyl sulfoxide in crude extract: after a lag phase, formation of phloroglucinol started while the concentration of tetrahydroxybenzene remained constant. This result suggests that pyrogallol conversion to phloroglucinol in E. oxidoreducens is a transhydroxylation reaction as well. This is supported further by obvious similarities between the P. acidigallici enzyme and that of E. oxidoreducens. Both enzymes have a neutral pH optimum (7.0 and 7.3; [10] ), an acid pI (approx. 4.0, as estimated from the chromatofocusing data [10] ), and both are not inhibited by oxygen, EDTA (1 mM), cyanide (1 mM), and iodoacetate (1 mM), but strongly inhibited by p-chloromercuribenzoic acid. For the purified enzyme of P. acidigallici, a reliable metal analysis is presented here which identifies transhydroxylase as a MoFeS protein. According to data of a preliminary metal analysis, these elements were also found in the enriched enzyme preparation of E. oxidoreducens.
Both enzymes differ with regard to regulation. While in P. acidigallici transhydroxylase is expressed constitutively, it is induced in E. oxidoreducens by gallate [32] . This result is understandable since P. acidigallici grows only with trihydroxybenzenes [8] , while the rumen bacterium is more versatile and uses also crotonate. In any case, inductive regulation of transhydroxylase would be very uneconomic in P. acidigallici considering the high fraction of enzyme protein in relation to total protein content.
Further studies on the P. acidigallici transhydroxylase in our laboratory will concentrate on the arrangement and functional organization of Fe, S, and Mo in the enzyme protein.
